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The variables were defined as:
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R,, is the radius of the wall for axisymmetric flow (k=l).

For rectangular coordinates R,, was ignored (k-0). It
should be noted that Re and time terms were not actual-

ly non-dimensional. Re had units of (length) -I, and time

had units of length. Also. x and y (and R,,) remahled
dimensional. So. each term in each of the above bound-

ary layer equations has units of (length)L

SOLUTION ALGORITI-IM

The momentum, continuity and energy equations were

differenced as described by Kwon et al.[I]

For any scalar quantity (l) :
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The equations were solved at a given time step know-
ing the solution at the previous lime step. Due to the

parabolic nature of the boundary layer equations, the

governing equations were solved at each time step by

marching from station to station in the direction of the

core flow. Solutions at a given station were obtained by

solving the boundary layer equations sequentially. First.

the momentum equation was solved for the velocity

component in the core flow (streamwise)direction _u).

Second, continuity was solved for the velocity compo-

nent in the y direction (v). Then, the energy equation

was solved for the temperature (T). If the station had

not converged, the momentum, continuity, and energy

equations were solved again for the velocity components

and lemperature, using the flow properties from the

previous iteration. Convergence at a given station was

obtained when the streamwise velocity components at

all grid locations at that station converged. After the

calculation at the station converged, the algorithm
marched to the next streamwise station to solve for the

boundary layer properties. This streamwise marching

continued tlaoughout the entire domain. Once the entire

solution was obtained for the current time step. the

boundary layer properties were used to calculate the

core flow solution at the next time step.

Grid spacing perpendicular to the wall (y-direction)
was based on an exponential function. The grid spacine.

was fine near the wall to better resolve the gradients at

the wail. The grid spacing was course away from the

wall where fine resolution of the gradiems normal to the



corestreamwerenotnecessary.

Thederivativeofthevelocityatthewall(usedto
calculatewallshearstress)wasdeterminedusinga
secondorderapproximation.Valuesatj-I (wall),j--2,
andj=3wereused.
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The above algorithm worked well for flows with weak
viscousAnviscid interaction, since Ihe downstream influ-

ence could be neglected. However. when the flows

were strongly interacting, such as those with strongly

adverse pressure gradients or separation, downstream
conditions had to be considered. The downstream influ-

ences were treated in two ways (1) tlae pressure gradient

was differenced as a weighted average of forward and

backward differences, and (21 a global pressure sweep

was used. Both of these teclmiques were based on the

method of Davis and Barnett[2].

Specifically the pressure gradient was differenced as

x,-x,_, ) t r,-t-x_ ) (16)

where e is a weighting parameter of the forward and

backward differencing. This term was required to re-

move the ellipticity in the PNS equations in strongly

interacting flows. The quantity e determines what frac-

tion of the forward difference of the pressure gradient

that can be included so that the equations remain non-

elliptic. If the flow was supersonic at a given j location,

then only backward differencing was used for the pres-

sure gradient (6=1). If the flow was subsonic then at a

given j location then the following expression for e was
used,

yM:

1÷(y - I)M z (17)

Most boundary layer methods use an inverse tech-

nique when the flow is separated. This requires a lot of

computer time because the core flow and boundary layer

regions must be modeled simultaneously. A method to

convey the downstream influences upstream, while still

maintaining the streamwise marching technique was

considered. This nmde the algorithm much faster than
other separated flow algorithms. Davis and Barnett[2]

had modified the pressure terms in the supersonic para-

bolized Navier-Stokes (PNS) equations to convey up-
stream influences. They had modified the pressure

gradient terms using the downstream pressure. Because,

the downstream pressure had beera used, a global pres-
sure sweep had been needed thi'oughout the subsonic

regions of the solution domain.

This pressure sweep technique also worked well with

the uncoupled, unsteady PNS equations described above.

The fictitious unsteady term that had been used by

Davis and Barnett was not necessary in out" case since

the flow being nlodeled was. itself, unsteady. The

equation for the presstu'e sweep was then

Pt _ _O/d _OId

_=r_+u-r _.,j+r,j (18)

This pressure technique permitted the modeling of

moderately separated flows. Downstream effects could
be quickly propagated upstream. This method was

made even faster by applying the pressure sweep only

fiom a region of weak interaction (downstream of reat-

tachment) to just upstream of the point of separation.

In addition, flaring of the advective term parallel to

the core flow was used when the flow was separated.

This was handled by taking the absolute value of the
coefficient in front of the derivative of the advective

term IRUB) and multiplying it by .1 to make it smaller.
Again this operation was only performed when the flow

was separated.

A modified Baldwin-Loma× model was used to ac-

count for turbulence. This model was a zero equation.
eddy viscosity model. This model was faster" than other

turbulence ruodels, such as the k-6 two equation model.
A modified model of Visbal and Knight was used to

handle the effects of separation. Also to account for up-

stream turbulence history effects, a relaxation methtxl of

Shang and Hankey was employed. A detailed descrip-

tion of the turbulence model used is given ha Sakowski,

et. al [3].

This uncoupled boundary layer scheme worked well
when used with the core flow solution ah'eady known.

With this method, we can quickly determhae the effects

of boundary layers within inlets of supersonic jet en-

gines. Thus, we can model several different geometric
configurations and flow conditions in a reasonable
amount of tinle.

RESULTS AND DISCUSSION

This uncoupled leclmique was compared with a tech-



niqueinwhichtheboundarylayerequationswere
solvedsimultaneously(coupled).Theboundarylayer
equationsandinteractionswiththe inviscid core flow
were set up the same way for both techniques. Each

technique was executed until it converged to the same

degree of accuracy. The uncoupled technique converged

quickly, in 2 or 3 iterations, at a each streamwise sta-
tion. The uncoupled technique tended to be 2.4 to 4.0

times faster than the coupled technique.

For the rest of this section we will attempt to verify

the boundary layer algorithm and to judge the relative

importance of various aspects of the algorithm. To do
this we will look at two examples. Tile first example

involves a case where the core flow is prescribed and

the boundary layer is not interactive with the core flow.

Specifically, the boundary layer algorithm will be used
to model the flow conditions measured in experiments

by Lewis, et al.[4]. For this example the core flow
Mach number distribution was prescribed and was not

interactive with the boundary layer code. The core flow

Mach number distribution is shown on figure 2b. Cal-

culations were started using a zero pressure gradient

profile with a Reynolds number, based oil momentunl
thickness, of about 4800 at x= 11.5 inches downstream

of the leading edge.

A second example involved a model of an actual

snpersonic inlet, in this example tile boundary layer

algorithm was used with the Large P._erturbation Inlet
code (LAPIN). LAPIN was used to calculate the core

flow properties upstream and within a supersonic inlet.

In this case the boundary layer code and LAPIN were

interactive. Figure I shows the geometry of the NASA
- LeRC 40-60 inlet. A free stream Mach number of 2.5

was used. The predictions of the combined boundary

layer/core flow code were compared with the experi-
mental results of Cubbison, el al.

Dependence on grid spacing

Tile first example, with the prescribed, non-interactive

core flow, was modeled using various numbers of grid

points perpendicular to the core flow. If the number of

grid points perpendicular to the core flow direction was

too small (less than 20 in our case), the algorithm was
unstable. Increasing the number of grid points made the

algorithm stable. Good accuracy, however, is not ob-

tained until an optimum number of grid points are used.

When the number of grid points is too low the algorithm

predicts fi'iction coefficients that are lower than experi-

mental results. To a point the predicted fi'iction coeffi-

cient increased as the number of grid points was in-
creased. However, the friction coefficient does not

increase monotonically with the number of grid points.

Beyond a certain number of grid points, the friction

coefficient actually goes down as the number of grid

points was increased. The point with the highest fiic-

tion coefficient also seems to be closest to the experi-

mental observations. This is the optimal numbe, of grid

points.

Figure 2a shows the predicted friction coefficient ver-

sus x for various numbers of grid points perpendicular

to the core flow. In addition, the predicted results were

conapared with experimental results of Lewis, et al. [4]

and the analytical model of Cebeci and Smith[6]. In

this case, if the number of grid pohlts was less than 100,

the friction coefficient increased by increasing tile grid

points. Beyond 100 grid points the friction coefficient

dropped by increasing the number of grid points. 100

grid points was the optimum number in terms of the

accuracy of the results. However, any number of grid

points between 50 and 1(30 yielded reasonable results.

Obviously, increasing the number of grid points fiom 50

to 100 resulted in much longer computhlg times. Tile

best number of grid pohlts to use depends on the degree

of accuracy that is required and the computing time that
can be allocated. For instance, if one were interested in

detailed wall effects, heat transfer or skin friction, it

may be worth while to use 100 grid points. The accura-

cy is also dependent upon parameters used in the turbu-

lence model. The results illustrated in figure 2a are for

a given set of turbulent parameters used in the Baldwin-

Lomax model. Sakowski, et al.[3] showed that for this

particular case. increasing the number of grid points

perpendicular to the wall required some adjustment to

the turbulent parameters to yield results which more

closely matched the experimental data.

However, if large scale flow properties are of concern.
core flow Mach number and pressure, 50 points or less

may be used. This was eviden! from the results of the

second example. Figure 3 shows the dependency of tile

number of grid points perpendicular to the wall on the

predicted core flow in the NASA - LeRC 40-60 Inlet.

Note there are two boundary layers in this case. one on

the centerbody and one on the cowl. The number of

grid points refers to each boundary layer, not the total

for both. As in the first example, when the uumber of

grid points is too low (20 or less) the algorithm is unsta-
ble. in this case. tile core flow and boundary layer

codes were interactive, so the boundary layer results

affected the cole flow properties. For instance, when

the number of grid points was increased to around 30

the algorithm was stable but the shock wave was pre-

dicted downstream of the experimental observation. The
predicted pressures away from the shock were reason-



ableevenwhenonly30gridpointswereused.When
thenumberof gridpointswasincreasedto40thepre-
dictedshockwavepositionwasfurtherupstreamand
matchedtheexperimentalresultsbetter.Whenthe
numberof gridpointswasincreasedbeyond40the
changein thecoreflowpressurewasnegligible.Thus,
in thiscasethere was no need to use more than 40 grid

points perpendicular to the core flow.

Dependence on Convergence criterion

As described above the algorithm iterated until the

velocities parallel to the core flow lut converged. The

convergence criterion at a given x location was a fi'ac-
tion of the local core flow velocity (u_). Obviously,

tightening the convergence criterion increased the com-

puth_g time as well as increased the accuracy. It was

found that if the convergence criterion was too loose.

the solution was simply chaotic and unrealistic. Alter-

ing the convergence criterion had the biggest impact on

the wall values, such as heat transfer, skin fiiction pre-

dictions and momentum thickness. As long as tile con-

vergence criterion was strict enough, the predicted flow

properties were negligibly affected by the grid spacing

in the x direction. And. if the core flow properties were
of concen_, the convergellce criterion itself had only a

small effect. In fact the convergence criterion can be as

high as 10% of the local core flow velocity with only

slight impact on the core flow properties. Figure 4

shows the predicted pressure as a function of position
for flow in the 40-60 inlet for various levels of con-

vergence. As shown on figure 4 the convergence crite-

rion only affected the predicled core flow pressure near
the throat of the inlet.

Effect of upstream propagation

In prescribing an inviscid core flow solution, tile

backward pressure sweep was not very significant in

strongly interacting regions, i.e. shocks and adverse

pressure gradients. The more significant m,,xJe of propa-

gating effects upstream is the calculation of the pressure

gradient as described in equation 16. The forward dif-

ferencing was necessary in adjusting the pressure gradi-

ent to provide a path for upstream propagation when the

flow is subsonic. However. only a portion of the for-

ward difference had be used so that the equations did
not become elliptic. When the weighted for-

ward/backward differencing of the pressure gradient was

omitted, the results deviated flora the experimental
results.

However, it was found that tile results were the same

if pressure sweep was included or omitted. This is most

likely due to the imposed core flow solution which

already included downstream effects when the core flow
was subsonic.

For the model of the 40-60 inlet, the pressure sweep

had no influence on the predicted results, ttowever the

forward differencing of the pressure gradient had an

effect. Figure 5 shows the predicted pressure distribu-

tion in the 40-60 inlet using the pressure gradient de-

scribed in equations 16 and 17 and the predicted pies-

sure distribution when only backward differencing of the

pressure gradient was used (_=1). As expected, there
was ahnost no difference in two lesults when the core

flow was supersonic, since 6--'i was used in supersonic

regions of the boundary layer in both cases. However,

when the core flow was subsonic the predictions di-

verged fiom the exlx_rimental observation when only

backward differencing was used.

CONCLUSIONS

Using the uncoupled boundary layer scheme was 2.4

to 4.0 times faster than a boundary layer scheme that

solves the govenling equations simultaneously. Thus.

this method was a quick way to model boundary laver

effects when a core flow algorithm was available.

Significant considerations were the grid spacing in tile

direction perpendicular to the wall. the differencing of

the pressure gradient, and the convergence criterion.

Changing the grid spacing and the convergence criterion
had the largest impact when specific boundary layer

properties were of concern, such and fi'iction coefficient
and momentum thickaless. The Baldwiu-Lomax tutbu-
lence model, which was used to model turbulence, was

shown by Sakowski. et al.[3] to be sensitive to the grid

spacing, which in turn greatly affected the skin fiiction

coefficient. If the convergence criteria was not small

enough, tile boundary layer algorithm was not robust in
predicting boundary layer properties such as skin liic-

tion and momentum thickness. These parameters be-

came highly sensitive to the grid spacing in the stream-

wise direction when the convergence criteria was not

small enough.

However the grid spacing and convergence criterion

had less of an impact on the overall core flow propelties

than the boundary layer properties. In tact, as Ion[z as

the algorithm was stable, the number of grid points and

convergence criterion could have many different values
without having a significant effect on the core flow.

The differencing of the pressure gradient seemed to

have the largest impact on the core flow solution. The



weighted average of forward and backward differencing
resulted in predictions closer to the experimental obser-

vation than when only backward differencing was used.
Finally. the changes made to the Baldwin-Lomax Tm'-

bulence model, described by Sakowski, et al.[3], were
significant to the accuracy of the results.
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